The reaction norms in Drosophila melanogaster of thorax length, wing length and cell size were determined for 28 isofemale lines from three populations to investigate the role of cell size in determining the response of body size to temperature during the preimaginal stages. Both overall level and plasticity of the reaction norms of thorax length and wing length are highly correlated, leading to a relatively constant wing-thorax ratio between lines. Genetic differences in overall level of wing size reaction norms are mainly caused by differences in cell number. The response of wing size to temperature consists of changes in cell size and, to a lesser extent, cell number. The cellular basis of genetic differences in plasticity shows a transition point at an intermediate level. In steeper reaction norms, genetic differences in plasticity result from differences in the plasticity of cell size, whereas less steep reaction norms only differ in the plasticity of cell number. A significant partial correlation between wing length plasticity and cell size plasticity, correcting for thorax length plasticity, indicates a role of cell size in determining the wing-thorax ratio.
Introduction
Wing size in Drosophila melanogaster is determined by the size and number of its constituent cells.
Environmental conditions during development that affect wing size do so by modifying cell size, cell number or both. Similarly, genetic variation in wing size implies genetic variation in cell size and/or cell number. The question is whether genetic variation in the response of wing size to the environment is always based upon the same patterns in cell size and cell number. Interactions between cell size and cell number may reflect underlying mechanisms generating wing size.
Increased temperatures during larval and pupal development lead to a reduction of wing size in D. melanogaster (e.g. David et al., 1983) . Natural selection experiments under laboratory conditions indicate that temperature acts as a selective agent, causing selection for a larger body size at lower temperatures (e.g. Anderson, 1966; Partridge et a!., 1994) . Temperature-mediated selection appears to *Correspondence. E-mail: g.dejong@boev.biol,ruu.nl. be responsible for the widely observed clinal variation in wing size in natural populations. Populations from higher latitudes show a larger wing size at any temperature (e.g. Coyne & Beecham, 1987; Capy et a!., 1993; James et a!., 1995) . The response to temperature-mediated selection leads mainly to changes in the overall level of the norms of reaction but not to consistent changes in their slope, i.e. in plasticity (e.g. Tantawy & Mallah, 1961; Coyne & Beecham, 1987; Partridge et a!., 1994) . The genetic differences in wing size between populations parallel the phenotypic effects of the local environment, i.e. show co-gradient variation (sensu Levins, 1968) . If a reaction norm showed the optimal sizes for all temperature conditions, an identical reaction norm would be observed in all populations rather than co-gradient variation (Berven et a!., 1979) . The relatively shallow response of wing size to larval temperature compared with the optimal response suggests suboptimal wing sizes at other than the local mean temperature.
Genetic variation in the plasticity of wing size is present within populations (David et a!., 1994; Noach et a!., 1996) , allowing a response to selection
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1997 The Genetical Society of Great Britain. (Schemer & Lyman, 1991) . Given the existence of genetic variation in the plasticity of wing size, one would not expect the observed limited variation in slope between populations. This calls for a better understanding of the mechanisms determining wing size.
The overall level of the reaction norm of wing size is determined mainly by the number of cells (Robertson, 1959; James et al., 1995) . Many studies have shown an effect of temperature on cell size (Alpatov, 1930; Robertson, 1959; Masry & Robertson, 1979; Cavicchi et a!., 1985; Kuo & Larsen, 1987; Partridge et al., 1994) . However, the number of cells has been described as unaffected by temperature (Robertson, 1959; Partridge et aL, 1994) but has also been found to be reduced by higher temperatures (Alpatov, 1930; Cavicchi et a!., 1985) . The cellular basis of wing size plasticity therefore deserves further study to elucidate its mechanistic basis, which might pose a constraint on the response to selection (Maynard Smith et al., 1985; Scharloo, 1987 Scharloo, , 1990 .
In this study, patterns in the cellular basis of genetic variation in plasticity were sought in 28 isofemale lines from three populations. The genetic variation in wing size reaction norm is described and wing size variation is connected with the variation in its cellular components. How plasticity in wing size is made possible by plasticity in cell size and in cell number is examined. Finally, the relation between the wing-thorax ratio and the cellular composition of the wing is explored.
Materials and methods

Lines
Fertilized females were collected in Montpellier, France, and Houten, The Netherlands, by the authors, and in Nijengzi, Tanzania, by Dr J. J. M. van (Sang, 1956 ) and transferred to 30-mL vials containing 5 mL of medium with 30 eggs per vial.
For each temperature, three replicate vials were used. From each replicate vial, five females were taken at random.
Morphology and cell size The right wing from each female was mounted on a microscope slide and embedded in euparal. Thorax length was measured from the tip of the scutellum to the anterior margin of the scutum, viewed from the dorsal side. Wing length was measured from the anterior crossvein to the distal end of the third vein. Both wing length and thorax length were measured using a Reflex 3-D measurement microscope, accurate to pm. Cell size was measured by counting the number of trichomes in a fixed area on the dorsal wing surface of the mounted wings. Each bristle exactly corresponds with one epidermal cell (Dobzhansky, 1928) . The number of bristles was counted in a 0.0142-mm2 area between the third and fourth vein opposite the posterior crossvein. Bristles were counted using an IBAS image analyser. Because shape differences are generally small (data not shown), wing area could be estimated by taking the squared wing length. Cell number was estimated by dividing wing area by the average cell size at the census area, leading to:
In (wing area) = in (cell number) +in (cell size). (1) Analysis of reaction norms All data were In-transformed to analyse the allometry between wing area and its two cellular components. The plasticity of a character was determined as the slope of the linear regression of log-transformed vial means on temperature, reflecting the relative change in size per °C. The size at 22.5°C, estimated by linear regression, was taken as a measure of the overall level of the norm of reaction, which will be referred to as the overall level of a character.
Analysis of variance was performed using a mixed model design, taking temperature and population as a fixed effect and lines as random effects (Sokal & Rohlf, 1981) . All statistical analyses were performed using si'ss/r'c+ version 5.01 (SPSS Inc., 1992) .
to overall wing size differences. However, the significant genetic variation in the WIT ratio (Table 1) shows that genetic variation in wing size is partly independent of thorax size. Similarly, the plasticity in wing length and in thorax length are genetically correlated (r = 0.790, P<0.001; Fig. 2b ). However, significant genetic variation could be shown in the plasticity of the WIT ratio (F18, 116 = 5.36, P<0.001).
Results
Morphological response
First, the genetic variation in the norms of reaction of wing size and thorax length, to which cell size has to relate, will be described. The morphological response shows some marked differences between the two sets of lines (see below). Thus, this paper will concentrate on the analysis of the initial set of 21 isofemale lines. However, the conclusions from this analysis largely hold for the additional seven lines.
The mean responses of wing length and thorax length to temperature are shown in Fig. 1 Plasticity thorax length The mean responses to temperature of cell size and cell number for each population are presented in ence between populations for cell size (Table 2 ). No significant difference in cell number between populations could be shown because of the large variation between lines (Table 2 ). However, including the second set of lines in the analysis leads to a significant difference in cell number between populations (F2,137 = 6.08, P<0.01).
As is the case with wing size, cell size and cell number show substantial genetic variation within populations (Table 2 ). Significant genetic variation in plasticity could be shown for both characters (ANcovA-cell size: F18, = 3.59, P<O.001; cell number: F18,116 = 3.65, P<0.001).
Ce/lu/arbasis of overall wing size The cellular basis of the observed variation in wing size was analysed separately for the overall level and plasticity of the reaction norms. Overall cell size and overall cell number per line were plotted against overall wing size for both sets of lines (Fig. 4) .
Comparing the initial set of 21 lines with the seven lines raised for an additional 2 years at 17.5°C, an increase in overall cell size and, to a lesser extent, wing area is observed. A similar increase in cell size was observed by Partridge et al. (1994) after keeping populations at low temperatures for a number of years.
After correction for differences in mean between the two sets of lines, the overall level of both cell size (r = 0.816, P <0.001) and cell number (r = 0.939, P<0.001) are correlated with the overall wing area. However, the regression of the relation with wing area is closer to one for cell number than for cell size, indicating a larger contribution of cell number to between-line variation in wing area compared with cell size (Fig. 4) . Differences in wing area between populations follow this pattern, mainly differing in cell number.
Cellular basis of plasticity
The differences in plasticity of cell size, cell number and wing area all have a genetic basis (see above). To test the cellular basis of genetic variation in wing size plasticity (WpL), it was plotted against the plasti- Wing area (mm2. In) (Fig. 5) . The two sets of lines do not appear to differ markedly in plasticity and are therefore pooled. The relation between the plasticity of wing area with its cellular components appears to show two regions (Fig. 5) .
As a post hoc test, the relation between cell size plasticity and wing area plasticity was therefore analysed by fitting a linear regression, which is allowed to change slope once at any value of WPL (spss nonlinear regression procedure; see legend to Plasticity wing area tion; the plasticity in cell number is relatively constant (Fig. Sb) , and differences in wing area plasticity can be fully explained by differences in the plasticity in cell size. The reverse happens at less steep reaction norms of wing area (WpL> -0.029), where the plasticity in cell size is relatively constant (Fig. 5a) . Here, wing area plasticity is determined by the plasticity in cell number (Fig. 5b) . This pattern indicates that the variation in plasticity in cell size and cell number is restricted, with cell size showing a minimum in slope and cell number a maximum in slope (Fig. 5) . The main deviation from this pattern is one line from The Netherlands, showing no plasticity in cell size. This one line, which was excluded from the regression analysis, does not affect the conclusions of the analysis.
The Tanzanian lines show a limited plasticity in wing area (Fig. 1) at or above the transition point (Fig. 5) , although well within the general scope of genetic variation in plasticity. However, the transition from cell size-to cell number-determined wing area plasticity can be observed between lines within the French and Dutch populations. This indicates that the observed pattern is not caused by betweenpopulation differences, but is generated by a more general mechanism.
Cell size and relative wing size Variation in wing size can only be partly attributed to variation in the general size of the lines (see above). Wing size variation is partly caused by changes in the relative size of the wing compared with thorax length. To determine the cellular basis of the genetic differences in relative wing size, the partial correlation coefficient between cell size, cell number and wing length, controlling for thorax length, was determined. Reaction norms were analysed for overall level and plasticity separately. = 0.661, P <0.001; cell number: = 0.3 10, NS). This result shows that genetic variation in the plasticity of relative wing size is mainly caused by differences in the plasticity of cell size.
Discussion
The cellular basis of wing size plasticity depends on the slope of the response. In steep reaction norms of wing size, differences in slope are accomplished by different plasticities of cell size, whereas cell number plasticity remains similar over lines at its maximum slope (Fig. 5) . However, in the less steep reaction norms for wing size, the plasticity in cell size remains the same over lines at its minimum slope; differences in these wing size plasticities result from different plasticities of cell number. The transition from cell size-to cell number-determined plasticity in wing size indicates that the plasticities in cell size and cell number do not vary independently, but originate from a common mechanism.
The present study indicates why previous studies found divergent patterns in the way plasticity in cell size and plasticity in cell number influence wing area plasticity. Most authors agree on the dominance of the effect of cell size (e.g. Alpatov, 1930; Robertson, 1959; Cavicchi et al., 1985; Partridge et al., 1994) . The observed co-gradient variation in wing size (Tantawy & Mallah, 1961; Coyne & Beecham, 1987) suggests a lower limit to the plasticity of wing size (see Introduction). This study indicates that the plasticity in wing size can only be increased by increasing the plasticity of cell size. A limit to the plasticity of wing size could be generated by a maximum in the plasticity of cell size. Changes in cell size in response to temperature can be caused by changes in cell volume or in the level of cell flattening. Wing size is highly sensitive to temperature during the early pupal stages (Pantalouris, 1957) , mainly affecting cell size (Masry & Robertson, 1979) . During the early pupal stages, evagination of the imaginal discs occurs. Cell flattening is the major morphogenetic process during evagination of the wing discs (Fristrom et al., 1977) , partly determining final wing size and shape (Gonzales-Gaitan et al., 1994) . Kuo & Larsen (1987) showed that wing thickness, consisting of two cell layers, is highly affected by temperature conditions, showing an opposite trend compared with cell area. These observations suggest that cell flattening is an important mechanism in the response to temperature. However, the level of cell flattening might be limited, ensuring sufficient robustness of the wing to withstand the forces imposed on the wing during flight. This negative relation betveen wing size and wing thickness might constrain the response to temperature-mediated selection.
Plasticity in wing length and thorax length are correlated (Fig. 2b) , indicating that a large part of the variation in plasticity involves changes in general size. However, a small but significant fraction of the variation in wing length plasticity leads to variation in the plasticity of the wing-thorax ratio, as observed in a number of studies (Table 2 ; e.g. David et a!., 1994) . The reduction of the wing-thorax ratio with temperature might be an adaptive response, adapting wing loading to the increased power of the flight muscles at higher air temperatures (Reed et al., 1942; David et a!., 1994) . The adaptiveness of the response seems to be confirmed by the observed clinal variation in wing-thorax ratio (e.g. Capy et a!., 1993; James et a!., 1995). Higher wing-thorax ratios are found in populations from higher latitudes, generally associated with lower temperatures. It was found that variation in the response of the wingthorax ratio to temperature is mainly related to the response of cell size rather than cell number. Selection on the plasticity of the wing-thorax response might lead to a correlated response in the plasticity of cell size and wing size.
Temperature treatment during the early pupal stages, affecting cell size by changing the level of cell flattening (Kuo & Larsen, 1987) , has little effect on thorax size, thereby changing the wing-thorax ratio (Pantalouris, 1957; Masry & Robertson, 1979 ). Genetic variation in the level of cell flattening might, therefore, lead to a genetic correlation of wing size plasticity, through cell size, with the plasticity of the wing-thorax ratio. This hypothesis stresses the importance of studying cell thickness and wing thickness for understanding the mechanisms responsible for the response of wing size to temperature and the evolution of wing size under varying temperature conditions.
